AD-767 726
HIGH PERFORMANCE STEEL AND TITANIUM CASTINGS

NATIONAL MATERIALS ADVISORY BoarD (NAS-NAE)

PREPARED FOR
DEPARTMENT oF DEFENSE (CDDR/E)

FEBRUARY 1973

DISTRIBUTED BY:

NNTS

National Technical Information Service
U. S. DEPARTMENT OF COMMERCE




"

e |

THIS DOCUMENT IS BEST
QUALITY AVAILABLE. THE COPY
FURNISHED TO DTIC CONTAINED
A SIGNIFICANT NUMBER OF
PAGES WHICH DO NOT
REPRODUCE LEGIBLY.



UNCTASSiFIED Ao 16T T
‘ br-dn Classsfication

DOCUMENT CONTROL DATA - R4 D

(Security clossitication of title, body .. and indening i smaaxt e o wrhaw Whe wowenil sopoet -s (83 milied)
| OMIGINA TING AC TIVITY (Cotpestie awiher) 0. HEFOAT SECUMITY CLALSIPIC A TION
National Materials Advisory Board Unclassified
Ad Hoc Committee on High Performance Steel [» ceouve
apd_Ti . -

3 REPORY TITLE

HIGH PERFORMANCE STEEL AND TITANIUM CASTINGS

4. DESCRIPTIVE NOTES (Type of repart and incivelve datos)
Final Report of the Committee

$ AU vnonm?fml s, middie initief, leel nome)

NMAB Ad Hoc Committee on High Performance Steel and Titanium

Castings
[3. NKPORT OATE Va. TOTAL NO OF PAGES 6. MO OF WEFS
February 1973 232 95
82, CONTRACT OR GRANT NO. 6. ORIGINATON'S ATPORT NUMBERIS)
DA49-083-0SA-3131 NMAB-296
5. PROJECT NO.
€. . OTHER REPURY NOIS) (Any othet numbers the! may be assigned
ffus report)
None

10. MISTRIBUTION STATEMENT

This document has been approved for public release and sale; its
distribution is unlimited.

1. SUPPLEMENTARY MOTES 12. SPONSCRING MILITARY ACTIVITY

Department of Defense {ODDR&E)

fhé’?&%éent state of foundry technology pertinent to the production of
high performance HY-130 and HY-180 steel and titanium alloy castings
iz assessed., Problems encountered in current production and those an-
ticipated in future production of large castings up to 20,000 pounds
(finished weight) are discussed. Programs and approaches to resolve
these problems are recommended, Factors considered were: specific
melting processes and furnaces for preparing and refining molten alloys,
casting design, mold and pouring practice, influence of chemical com-
osition, impurity elements, heat treatment and other processing vari-
ables on mechanical properties of casting, present and anticipated
foundry problems with specific alloys, weld repair and structural join{
ing, scrap reclamation, and appropriate procurement specification re-
quirements to assure attainment of desired properties and qualities in
castings of all sizes., While minimal problems will be encountered in
the production of large HY-130 steel castings using present foundry
facilities and practices, in HY-180 steel castings, considerable de-
velopment work involiing facilities and foundry practice is required.
Current production of titanium alloy castings is limited to a maxXimum
casting weight of approximately 2,000 lbs.

DD |'N°'v.| '473 eproduce
- NATIONAL TECHNICAL ~—eiBSSIEIED

INFORMATION SERVICE

US Department of Commerce
Springfield, VA. 22151

1 3

\




Security Classiflication

Lin A

i ©

T

nEY WORDS

HOL L

HOLE »

HY-130 and HY-180 steel and titanjium alloy
castings

Melting processes and furnaces

Arc Furnace Melting Practices for HY-130
and HY-180 stecls

Argon Purging

Argon-0Oxygen Decarburization (AQOD) Proces#

Electroslag welding and remelting

Casting design

Mcld and pouring practice

Influence of chemical composition

Impurity elements

Heat treatment

Weld repair and structural joining

Scrap reclamation

Antifiaking treatments

Security Classiflication




N

AD7€7 726

HIGH PERFORMANCE STEEL AND TITANIUM CASTINGS

Report of
The ad hoc Committee on High Performance
Steel and Titanium Castings
National Materials Advisory Board
Division of Engineering — National Research Council

Report NMAB-296

National Academy of Sciences — National Academy of Engineering

Washington, D. C.

S

July 1973




CPOR S

NOTICE

The project which is the subject of this report was approved by the Governing
Board of the National Research Council, acting in behalf of the National Academy of
Sciences. Such aporoval reflects the Board's judgment that the project is of national
importance and appropriate with respect to both the purposes and resources of the
National Research Council.

The members of the committee selected to undertake this project and prepare
this report were chosen for recognized scholarly competence and with due considera-
tion for the halance of disciplines appropriate to the project. Responsibility for the
detailed aspe ts of this report rests with that committee.

Each rvport issuing from a study committee of the National Research Council
is reviewed by an independent group of qualified individuals according to procedures
established and monitored by the Report Review Committee of the National Academy
of Sciences. Distribution of the report is approved, by the President of the A cademy,
upon satisfactory completion of the review process.

This study by the National Materials Advisory Board was conducted under
Contract No. DA-49-083-0OSA-3131 with the Department of Defense.

Members of the National Materials Advisory Board study groups serve as
individuals contributing their personal knowledge and judgments and not as repre-

sentatives of any organization in which they are employed or with which they may be
associated.

The quantitative data published in this report are intended only to illustrate the
scope and substance of information considered in the study, and should not be used
for any other purpose, such as in specifications or in design, unless so stated.

Requests for permission to reproduce this report in whole or in part should be
addressed to the National Materials Advisory Board.

For sale by the National Technical Information Service, Springfield, Virginia 22151,

it

FR—




NATIONAL MATERIALS ADVISORY BOARD

AD HOC COMMITTEE ON HIGH PERFORMANCE STEEL AND TITANIUM CASTINGS

Chairman:

Members:

ek X

Mr. A. Hurlich, Manager, Materials Technology, Department 643-0,
Convair Aerospace Division/General Dynamics Corporation,
P. O, Box 80847, San Diego, California 92138,

Mr. A. James Kiesler, Manager, Metals Processing Operations,
Metals & Ceramics Labs, General Electric Research Center,
P. O. Box 8, Schenectady, New York 12301,

Dr. Thomas S. Piwonka, Materials Technology Laboratory, TRW Inc.,
23555 Euclid Avenue, Euclid, Ohio 44117,

Dr. Lew F. Porter, Section Supervisor Research Laboratory, United
States Steel Corporation, Monroeville, Pennsylvania 15146,

Mr. Laurence J. Venne, Chief Metallurgist, ESCO Corporation,
2141 N. W. 25th Avenue, Portland, Oregon 97110,

Dr. John F. Wallace, Professor of Metallurgy, Division of Metallurgy
and Material Science, Case-Western Reserve University, Cleveland,
Ohio 44106.

Mr. Thomas Watmough, Assistant Director, Metals Research, IIT
Research Institute, 10 West 35th Street, Chicago, Illinois 60616,

Mr. Ralph Zusman, Vice President, Research and Engineering,
Precision Castparts Corporation, 4600 S.E. Harney Drive, Portland,
Oregon 97206.

iii




Liaison Representatives:

Dr. Paul J. Ahearn, Army Materials and Mechanics Research Center,
Watertown, Massachusetts 02171,

Mr. Robert A. Beall, Research Supervisor, Metals Processing Projects,
United States Department of the Interior, Bureau of Mines, Albany,
Oregon 97321.

Mr. W. Theodore Hignberger, Naval Air Systems Command, Department
of the Navy, Washington, D. C. 20360.

Mr. Bernard B. Rosenbaum, Naval Ship Systems Command, Department
of the Navy, Washington, D. C. 20360.

Mr. Jerome Persh, Staff Specialist for Materials and Structures
(Engineering Technology), ODDR&E, Department of Defense, The Pentagon,
Washington, D. C. 20301.

NMAB Staff:

Mr. Ben A. Kornhauser, Technical Staff Secretary, ad hoc Committee on
High Performance Sieel and Titanium Castings, National Materials Advisory
Board, NAS-NAE-NRC, 2101 Constitution Avenue, Washington, D. C. 20418,

iv

ot S




FOREWORD

This report outlines the requirements for both facilities and processes to
enable the production of very large castings (up to 20, 000 pounds in weight) of
special alloy steels and titanium. Present capabilities for producing such
castings are assessed and a number of evolutionary development programs are

sugeested to attain the desired goals.

In view of the significant differences in steel and titanium casting techne-~
logies, two separate Panels were established, as noted below, to prepare
individual reports for consideration by the main committee and to expedite the

preparation of the final report.

Steel Castings Panel

M:. Laurence J. Venne, Chairman

Dr. Paul J. Ahearn

Mr. A. James Kiesler
Dr. Lew F. Porter
Mr. Bernard R. Rosenbaum

Dr. John F. Wallace

T itanium Castiggs Panel

Dr. Thomas S, Piwonka, Chairman
Mr. Robert A. Beall

Mr. W. Theodore Highberger

Mr. Thomas Watmough

Mr. Ralph Zusman

The Committee extends its appreciation to the Bureau of Mines, Albany,

Oregon, for hosting a meeting of the Titanium Castings Panel and to the
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following companies that graciously provided tours through their facilities to the

members of the Titanium Castings Panel:

ESCO Corporation, Portland, Oregon
Oregon Metallurgical Corporation, Albany, Oregorn
Precision Castparts Corporation, Portland, Oregon

Tiline, Inc., Albany, Oregon

Use was also made of information on steel and titanium castings technology
contained in National Materials Advisory Board report NMAB-291, High
Performance Castings, March 1972,
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ABSTRACT

The present state of the foundry technology pertinent to the production of
high performance HY-130 and HY~180 steel and titanium alloy castings is
assessed. Problems are discussed that are encountered in their current pro-
duction as well as those anticipated in the future production of large castings up
to 20,000 pounds in finished weight. Programs and approaches are recommended
to resolve these problems.

The factors considered were the specific melting processes and furnaces
for preparing and refining the molten alloys, casting design, mold and pouring
practice, the influence of chemical composition, impurity elements, heat treat-
ment and other processing variables upon the mechanical properties of casting,
present and anticipated foundry problems with the specific alloys, weld repair
and structural joining, scrap reclamation, and appropriate procurement speci-
fication requirements to assure the attainment of the desired properties and

qualities in castings of all sizes.

While minimal problems probably will be encountered in the production of
large HY-130 steel castings using present foundry facilities and practices, in
the case of HY-180 steel castings, considerable development work involving both
facilities and foundry practice is required. Current production of titanium alloy
castings is limited to a maximum casting weight of approximately 2, 000 pounds.
Extensive development work is necessary to extrapolate titanium melting furnace
capacities by an order of magnitude, Thick-section titanium castings also re-
quire development of reliable mechanical property data, possibly new alloy

systems, and solution of mold and other foundry problems inherent in process

scale-ups.
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I. SUMMARY OF CONCLUSIONS AND RECOMMENDATIONS

The conclusions and recommendations, summarized below, are detailed
at the conclusion of each section of the report dealing with HY steels and titanium

alloy castings.
A. Conclusions

1,  HY Steel Castings

a. The chemical composition of a castable HY-130 grade steel
and the necessary techniques for its melting, pouring and casting have been
developed.

b. While the HY-130 grade has not been cast in G-imh thick sections
or in large castings weighing up to 20, 000 pounds, this alloy can be produced
successfully in these sizes with existing foundry equipment.

c. HY-130 steel has been made satisfactorily by arc-melting,
followed by vacuum-degassing. Probably, this steel could be made by vacuum
melting and by the argon/oxygen degassing (AOD) process also.

d. Mechanical property data on 6-inch thick HY-130 steel castings
are not available currently nor has a procurement specification for HY-130

castings been prepared. The same is true for the HY-180 grade of steel castings.

e. In HY-180 steel castings, the final chemical composition still
must be standardized. However, a 10Ni-8Co-2Cr-1Mo analysis appears promis-
ing and has been cast experimentally in 4-inch thick sections. Its hardenability
appears adequate for 6-inch thick sections.

f. Air melting, followed by vacuum degassing, appears inadequate
for producing HY-180 steel. Probably, this alloy must be vacuum melted,
although the AOD process may be satisfactory. An acceptable melting process
still must be demonstrated.




g. The steel-foundry industry has very few large vacuum-melting
furnaces and no foundry presently is equipped with AOD facilities.

h. Foundry problems with HY-180 steel have not been resolved
yet. Some of these problems involve solidification and risering, scrap recla-
mation, and possible craze-cracking of the surfaces of castings,

i. Weld repair and structural joining of HY-180 castings require
further development.

2.  Titanium Alloy Castings

a.  The titanium casting industry in the United States currently is
limited to producing a casting weighing no more than 1500 pounds. Of the
available melting processes, the vacuum-arc remelting furnace appears the
most feasible for scaling up to produce a finished 20, 000 pound casting.

b. Completely nonreactive mold systems have not been developed
yet for the casting of titanium., Rammed-graphite molds may be satisfactory
for the production of large titanium castings, but the possibility of exothermic
reactions in heavy section castings exists. To date, only rammed-graphite
molds have proved practicable for the largest titanium castings that have been

made,

c. Current titanium casting-alloy compositions have limited
hardenability. New alloy compositions must be developed for the attainment of
desired mechanical properties in thick sections. Considerable development
effort will be necessary to resolve foundry problems associated with porosity,
alloy segregation, hot~tearing, shrinkage, metal-mold reactions, grain-size
control, and gating and risering of large castings.

d, Virtually no data exist on the mechanical properties of thick-
section titanium-alloy castings, and no procurement specification for large

titanium castings is curr :ntly available,




B. Recommendations

The recommendations below are based upon the afore-mentioned

conclusions.

1. HY — Steel Castings

a. Develop reliable mechanical property data (including fracture
toughness) of HY-130 and HY-180 steels on section thicknesses up to and including
6 inches.

L. Cast relatively large laboratory heats of optimum composition(s)
of HY-180 steel (determined from smaller heats of candidate compositions pro-
duced by varying deoxidation practices) for evaluating their mechanical properties
in sections up to 6 inches thick.

c. Determine the feasibility of the argon/oxygen degassing (AOD)
process for melting both HY-130 and HY-180 grades of steel. |

d. Study the solidification characteristics of HY-180 steel to
establish required gating and risering procedures to produce high-quality
castings.,

e. Investigate the factors responsible for craze-cracking of the
surfaces of HY-130 and HY-180 steel castings.

-

f. Study the weld repairing and structural welding of HY-180
steel castings to evaluate strength and fracture toughness properties of the

various heat-affected zones in weldments.

g. Prepare procurement specification for HY-130 and HY-180
steel castings that cover items such as the desired compositions, section
thicknesses, and mechanical properties, and that are based upon the development

programs recommended above.




2. Titanium Alloy Castings

a. Increase (by incremental steps to resolve scale-up problems) the
capacity of titanium melting furnaces to permit pouring or 20, 000-pound finished
weight castings. The consumable arc-melting process is considered the most

feasible for scale-up, with electroslag melting as the next best alternative.

b. Develop titanium alloys with suitable casting properties and
characteristics in sections up to 6 inckes thick. Alloy development studies
should include characteristics such as solidification, shrinkage, hot-tearing,
fluidity, porosity, weldability, and hardenability. The mechanical properties,
including fracture toughness, should be determined on alloys in the annealed and
heat-treated conditions.

c. Study the effect of carbon content and interstitial elements upon
the mechanical properties of titanium casting alloys, particularly since rammed-
graphite molds are the most feasible for larger titanium castings and result in

some carbon pickup.

d. Develop a practical method for reclaiming and reusing titanium

alloy foundry scrap so that the cost of titanium castings may be reduced.

e. Develop necessary mechanical property data and quality
requirements, including nondestructive test requirements and standards, to pre-

pare meaningful specifications for larger titanium alloy castings.




[I. INTRODUCTION

Immediately preceding the current study, the National Materials Advisory
Board had completed an investigation whose objective was to delineate the problem
areas that impeded the more widespread acceptance and use of high performance
E castings. Report NMAB-291, ""High Performance Castings, "' March 1972, pre-
sented the results of that investigation. Thc report made specific recommenda~-
tions and proposed an integrated plan for improving the quality, reliability, and
uniformity of, in addition to developing greater user confidence in, high-

performance castings made from a variety of metallic alloy systems.

For the purpose of the earlier study, high-performance castings were
defined as efficient load-carrying structures that are designed to withstand
service stresses, which represent a significantly high proportion of their ultimate
. strengths and whose service failures could have catastrophic or other serious

safety and/or economic consequences.

The previous investigation considered broadly the field of castings tech-

nology from the viewpoints of design, manufacture, quality control, information
dissemination, and education. The present study focuses closer attention upon
two classes of castings that are of increasing interest, the HY-100, -130 and
-180 alloy steel castings and the titanium castings, in weights ranging up to ‘

20, 000 pounds for each type. The above definition of high-performance castings

will apply in most cases to the end use of steel- and titanium-alloy castings in

naval vessels.,

The ad hoc Committee on High Performance Steel and Titanium Castings
was established at the request of the Department of Defense. The Committee
was charged with determining the required equipment and procedures, such as

vacuum-melting and deoxidation, for a facility to produce high-performance




castings of steel (HY-100, HY-130 and HY-180) and titanium and outlining a

method to obtain satisfactory castings of those materials up to 20, 000 pounds in
finished weight.

The report is based on information collected as of September, 1972.




111. STEEL CASTINGS, HY-100, -130 AND -180

A, Introduction

The HY (High-Yield strength) series of low-carbon quenched and tempered
alloy steels is characterized by excellent combinations of strengths and
toughness along with good weldability and high resistance to brittle fracture in
both base metal and weld joints. These steels were developed by the United
States Steel Corporation, with much of the work being conducted under U. S.
Navy-funded programs. The numbers following the dash, such as HY-100,
represent the minimum yield strength of each alloy class in thousands of pounds

per square inch (lbs/in? ).

The first steel of the HY- series was HY-80, which has been used widely
for submarine pressure hulls, armor plating to resist bomb and explosive shell
impact, and other critical applications in naval and merchant marine vessels
and in land based structural applications requiring high toughness steels. As a
result of higher performance requirements, increasingly higher strength steels,
such as HY-100, -130, -150 and -180, were developed. Although these steels
contained progressively higher alloy contents, they continued to possess
excellent combinations of strength toughness, and weldability. The chemical

composition ranges of some of these steels are listed in Table 1.

Specific chemical compositions and heat treatments have been developed
for all but the HY-180 steel. The latter steel, having a minimum yield strength

of 180, 000 psi, still is considered developmental with no precise composition or

heat treatment yet standardized.

Almost invariably, high-performance steels that possess high-yield
strength, combined with good ductility and toughness, have appreciable nickel,
low carbon to enhance weidability, and other alloying elements, such as
chromium and molybdenum, in sufficient amounts to provide the hardenability

required, particularly for thick section sizes. When the nickel content of these
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steels increases from the 3 percent for HY-80 and -100 steels to 5 percent for
HY-130 steel and to 10 percent or greater for HY-180 steel, their manufacturing
practices become more complex. In addition, to obtain the required toughness
at high-strength levels, the gas (oxygen, nitrogen, and hydrogen) and impurity
(phosphorus and sulfur) contents must be lowered progressively as the yield
strength increases. Generally, the foundry industry lacks the vacuum-melting and
degassing equipment that is required to produce 20, 000~ to 25, 000~pound castings
with 6-inch thick sections and very low gas and residual element contents (except
for elements such as copper). Accordingly, possible melting and casting
procedures that might provide the required steel quality should be considered to
determine their practical and economic adaptability to the production of such
large castings.

The steels of the high~yield series were developed initially as wrought steels
for application as rolled plate or forgings. Because of their strength, toughness,

weldability and resistance to stress corrosion and general corrosion in sea water,
the high-yield steels, at least in lower and moderate strength alloys, have been

accepted widely for use in marine envircnments.

The HY-80 alloy has been produced extensively in cast form and sufficient
sizes to meet past and projected requirements, The very modest increase
in alloy content and strength of the HY-100 steel as compared to HY~80 poses no
foundry problems, and current foundry equipment and practices are expected to
be fully suitable for the production of large castings from the HY-100 composition.
Consequently, no further attention will be given to HY-100 castings.

Recently, high-strength steels with carbon contents of about 0.40 percent

have been developed. However, these higher carbon steels are unsatisfactory for

N T i e R
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many applications because of their relatively poor weldability and the necessity
for post-weld heat treatments. Other steels, such as the precipitation-hardening
and the maraging steels, were considered but were unsatisfactory tecause of
their low fracture toughness, particularly in thick sections, or low resistance

to corrosion or stress-corrosion cracking in either the base or weld metal.

For these reasons, the current study has considered only steel castings of the

high-yield compositions.

B. Steelmaking Methods

The combinations of high strength and toughness obtainable in high-yield steels
can be achieved only when solid and gaseous impurity contents are very low.
This requirement becomes more severe with increasing strength levels and is
extreme in the HY-180 grade. Special melting methods and the use of equipment,
not generally available in the great majority of steel foundries, become necessities
in the manufacture of the higher strength high-yield steels. Casting practices
that might be used for these chemistries and particularly heavy sections (with

a brief explanation of the particular practice) are listed below.

1. Arc-Furnace Practice

A conventional basic arc-furnace, double-slag melting practice is
used with special additives and special metal handling to lower the sulfur and
hydrogen. Sometimes normal basic arc-furnace practice is reversed by
removing the sulfur at the beginning of the heat (Kiesler, 1963), Suggested
arc-furnace melting practices for HY-130 and HY-180 steel are presented in
Appendix C. Reports describing melting pru.ctices for HY-130 steel castings,
produced as a part of Naval Ships Systems Command Contract No. bs88540,
are referenced in the final reports on the HY-130 development (Giudici and

Waite, 1966; Davis and Black, 1966; Porter et al., 1966).
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2. Vacuum Degassing

Several methods of degassing steel in a vacuum are in use in producing
wrought steel, In some procedures, the molten metal in the ladle is kept in a
vacuum; in others, the molten metal in the ladle is poured through a vacuum into
another ladle, By these methods, hydrogen can be reduced to very low levels.
These procedures have not been used in the casting industry because of excessive
temperature losses in relatively small heats. However, vacuum degassing might

be very beneficial in producing heavy castings of HY-130 steel.

3. Vacuum Melting

Vacuum melting of high- quality wrought steel is a conventional pro-
duction practice in which the steel is melted under vacuum and, in some cases,
poured under vacuum, Generally, the vacuum-melting furnaces in the foundry

industry are of limited size and number.

4, Argon Purging
A relatively inexpensive way to remove some hydrogen is by argon

flushing where argon is injected into the side or base of a ladle through a special
porous plug. Argon purging has been used in the production of HY-80 castings.
Appendix D presents a general discussion or argon purging and describes its

use in the production of HY-80, HY-130 and HY-180 steel castings.

5.  Argon/Oxygen Decarburization (AOD)

The Linde Division of the Union Carbide Corporation has patented a
system of liquid steel processing that is known as argon/oxygen decarburization
and is used world-wide, To date, a preponderance of the tonnage produced with
this unit has been stainless steel because of the economies in alloy savings.
Essentially, the steel charge is dead-melted in an arc furnace, transferred to the
AOD, and decarburized by a variable mixture of argon and oxygen. The process
r educes hydrogen to lower levels than are obtained normally by the arc furnace,

In addition, nitrogen is reduced significantly and desulfurization to very low levels

can be performed easily. The advantages and disadvantages of AOD are presented
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in Appendix E and in the last paragraph of the discussion on argon-purging of
HY-130 steel in Appendix D.

6.  Electroslag Remeiting

Electroslag remelting, like vacuum-arc remelting, is a secondary
process for metals. It uses a cast or wrought electrode of scrap or primary
metal for raw material. A slag bath, contained in a water-cooled mold, is
resistance heated by an electric current that flows between the consumable
electrode and a water-cooled base plate. As the temperature of the slag bath
exreeds the melting point of the metal electrode, droplets melt from the tip of
the electrode, fall through the slag, and collect in a pool on the base plate.
Refining occurs when the metal reacts with the slag either as the droplet,
detached from the electrode tip, falls through the slag or after the molten metal
collects in a pool at the top of the ingot. Shapes can be produced by the electro-
slag process. A casting could be made by first producing a number of shapes and
then joining them by electroslat welding to make a one-piece casting. The use of
electroslag welding and remelting to produce HY-130 and HY-180
discussed in Appendix F.

C. Foundry Facilities

Today, the steel foundry industry is very limited in vacuum-degassing and
vacuum-melting equipment for producing finished-weight cast.ngs of 25, 000
pounds. The Erie Steel Division of National Forge has vacuum-degassing equip-
ment and has produced castings of HY-130 steel. General Electric has a 25-ton
vacuum-melting furnace that might be suited for HY-180 production also.
Currently, no foundries have argon/oxygen decarburization equipment, but, in the
foreseeable future, foundries producing heavy, stainless steel castings might
acquire this equipment. ESCO Corporation has indicated an interest in doing
experimeatal work in this area.

Steel foundries have very limited electroslag equipment. However, shapes
have been cast by this method. Because of the relative simplicity of the equipment,
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conceivably castings of high integrity could be produced. ESCO Corporation nas
worked experimentally with electro-slag remelting and is believed tc be the only

foundry with this equipment at the present time.

Generally, the foundries mentioned above now have eleciric furnaces that
produce large castings and, possibly, in the future, might install the necessary
equipment to produce either HY-130 or HY-180. Other foundries are capable of
melting and pouring large castings, but, so far as is known, they are open-hearth
shops that would not be in a position to produce these particular analyses.
Foundries that are equipped with relatively large electric-melting furnaces,

generally are geared to a high production of relatively small castings.

1. Production of HY-130 Castings

Apparently, HY-130 can be cast successfully in heavy sections;
however, special treatment probably will be required to reduce hydrogen levels to
acceptable values. Of the above melting and processing methods, the most
promising ones are:

a) vacuum degassiug,

L) argon/oxygen decarburization, and

¢) vacuum irelting.

Since vacuum degassing apparently was used su-.cessfully in casting HY-130 steel,
this steel might be specified as a vacuum-degassed or specially treated product,

particularly when heavy sections are ordered.

No casting work has been done with an argon/oxygen degassing unit,
but, presumably, AOD could produce satisfactory HY-130 steels. Accordingly,
in the future, foundries might procure this equipment in sizes capable of producing

a 25, 000~pound finished casting.

Undoubtedly, vacuum melting would be satisfactory. However, at present,
such a foundry installation is not economical for the limited production of HY-130

or HY-180 castings.
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2. Production of HY-180 Castings

To date, very minimal work has been done to determine the castability
of HY-180 steel. However, this work indicates that vacuum melting with air
pouring is the best combination for obtaining relatively good mechanical properties.
Apparently, a casting can be produced with a satisfactory solidity, but the determin-
ing factor is the required melting process to produce the low residuals that are
needed to obtain the desired mechanical properties. Since vacuum degassing
alone appears insufficient to produce satisfactory HY-180 castings, particularly in

heavy sections, the other possible melting practices (AOD, vacuum-melting, and
electroslag remelting) should be considered. Since little work has been done on the
production of HY-180 steel castings, additional research is necessary to define the
potential of various melting procedures for making this steel.

D. Molding Practices for HY-130 and HY-180 Castings

The molding practices required for HY-130 and HY-180 castings are similar
to those utilized for castings of other quality steels. The sands are mixed in
conventional sand mullers of either the horizontal or vertical-wheel types. Only
new or reclaimed sand should be used for facing or moids. Western bentonite
must be the high-liquid limit type. The mixing order is sand, water, western
bentonite, and cereal. Adequate mulling time is required to attain the proper bend
distribution, see Appendix G. Gating procedures also follow accepted pr actices.
Nonpressurized gating is preferred; tile sprues, runners, and gates are desirable
for the larger castings. Although sound castings were produced, a number of

casting problems were encountered.

E. Foundry Problems

Several production heats of HY-130 steel castings have been made and limited

laboratory studies have been conducted on HY-180 steel castings.

In addition to the usual casting problems of shrinkage, hot tears, laps, and

large nonmetallic surface inclusions, HY-130 and HY-180 steels are subject to
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specialized difficalties in the occurrence of flaking, aluminum-nitride embrittle-
ment, and surface-craze cracking. These problems arise because of the influence
of the high nickel content of HY-130 and of the high~nickel and cobalt content of
HY-180 on gas solubility, liquidus-sclidus temperature, and hardenability range.
Each condition is discussed in a separate paragraph below.

1.  Hydrogen Flakes and Antiflaking Treatments
Hydrogen flakes exist particularly in heavier sections. The prevention
of this defect requires minimal hydrogen content in the molten steel during its
solidification and especially controlled cooling and/or soaking cycles for hydrogen
release by diffusion.

Vacuum melting and degassing are preferred for minimization of
hydrogen content. However, these foundry facilities are very limited. Flakes
are minimized with conventional melting and handling equipment by:

a) reducing hydrogen in the melting furnace with a long active boil,

b) minimizing the block, or dead period of holding, in the furnace,

and

c) handling the metal during transfer and pouring to avoid contact

with water and to minimize turbulence.
Even with these precautions to ke~p hydrogen at a low level, extensive hydrogen-
removal heat treatments do not preclude flaking.

Because of the limitations of the possible melting and degassing processes
to remove hydrogen, the castings also may require a special heat treatment to
reduce the hydrogen content to a level that prevents flaking or loss of ductility in
the steel. These antiflaking treatments are involved and lengthy. Some recom-
mended treatments would require long times (64 hours) at high temperatures
(1750°F) and the castings probably must be heat-treated in furnaces in an inert
atmosphere or vacuum ‘o prevent excessive oxidation. A discussion of antiflaking

treatments is presented in Appendix H.
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The presence of hydrogen also contributes to lower ductility in the
stecl, If flakes have been avoided, this embritticment can be reduced by 400 to
600" I’ soaking treatments for 4 to 72 hours, depending on the section thickness.
To avoid flakes, the steel should be melted under vacuum or degassed before
pouring, and proper precautions should be taken against hvdrogen pickup during

mctal transfer and mold filling.

The General Steel Foundrics and Birdsboro Corporation have produced
HY-130 steel castings successfully using a conventional double-slag electric-
furnace melting practice. These castings contained hydrogen flakes in sections
that were below the risers and were over 4-inches thick.. The castings were

salvaged by excavating the flakes with an oxygen lance and by welding repair.

2. Aluminum-Nitride Embrittlement

The frequency of aluminum-nitride embrittlement or ""rock-candy"
conchoidal fracture of HY-130 and HY-180 steel castings increases with higher
nitrogen and aluminum contents and heavy sections. The heavy sections promote
this embrittlement because of the slower solidification rate and the accompanying
increased segregation. Prevention of aluminum-nitride embrittlement requires
low nitrogen and aluminum contents and the most rapid solidification possible.
Nitrogen is reduced by steel melting and molten-steel handling methods, described
above for low-hvdrogen contents. Aluminum contents are reduced by using
deoxidizers containing only small additions of aluminum, appreciable calcium,
and nitrogen combiners, such as zirconium and titanium. Use of excess titanium
may produce other ductility problems. Increasing the rates of solidification re-

quires extensive chilling of the heavier sections.

3. Craze Cracking

Craze cracking, also called alligator cracking, appears as a network
of shallow, fine cracks that may persist through several weld-repair and

reheat-treating cycles. The problem is more severe in heavier, more slowly
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solidified sections. This problem appears to be a characteristic of high nickel
steels and is attributed variously to hydrogen, solidification phenomena, mold/metal
reactions, and even .embrittling elements, such as phosphorus and sulfur. The
exact nature and cause of craze cracking are not established clearly and should be
investigated further becsuse of the high cost of its removal. Preventive measures
range from the use of special mold washes to the very costly, and somewhat
self-defeating, process of machining the entire casting surface. Also, standard
methods of obtaining low hydrogen contents and rapid solidification rates of steel
with a minimum of embrittling elements may help to minimize the problem.

4. Feeding and Microshrinkage
Specific solidification and feeding characteristics must be determined
for HY-130 and HY-180 steel. This information is obtained from directional
solidification studies that yield information on segregation, microporosity, and

inclusions vs. grain structure. These characteristics influence mechanical
properties such as tensile strength, ductility, toughness, and fatigue. Thus, it
becomes possible to prescribe solidification conditions for given mechanical
properties. Practically, controlled solidification is obtained by methods such as
proper placement of risers and chills, employing tapers on the casting, and use of
insulation and hot-topping. Indications are that the foundry engineering for HY-130
and HY-180 will be more sensitive to the mass effect on section size. These
problems will be solved by foundry engineering studies on riser placement and

riser feeding distance, on the use of various chills, etc.

5. Deoxidation Practice

While appropriate deoxidation practices have been developed for
HY-130 castings, this is not the case for HY~180 castings. Deoxidation appears
to be a key to successful production of HY-180 castings, and the following
deoxidants require investigation:

a) calcium metal or alloys,

b) rare earths,
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c) aluminum* (as 2 dilute alloy), and
d) variations of the above with possible additions of titanium or
z#1 conium to combine with nitrogen.

F. Heat Treatment

Heat~treating procedures have been established for heavy plates of HY-130
and HY-180 steel. These procedures should be satisfactory for their castings
unless the chemical compositions are changed markedly to improve their
hardenability or casting characteristics. The isothermal transformstion diagram

of these steels and their tempering characteristics provide a basis for under-
standing the recommended heat treatments and the possible effects of variations

in heat treatments.

1.  HY-130 Steel Castings
The chemical composition of HY-130 castings has been adjusted to a
somewhat higher silicon content than the wrought steel to improve castability

(0.30 to 0.45 percent silicon for casting versus 0. 20 to 0. 35 percent for plate), and
to a somewhat higher nickel content to provide additional hardenability (5.0 to 5.5
percent nickel for castings versus 4.75 to 5. 25 percent for plate). With these
changes, a yield strength of 130 ksi minimum should be attained in sections of
6-inch thickness. Removal of risers and rough machining should be accomplished
prior to final heat treatment to provide the lightest sections possible and the most
uniform section thickness for heat treating. Normalizing and tempering of the
castings are advisable prior to riser removal to avoid any cracking tendency from
burning.

The standard heat treatment of HY~130 castings is as follows:
&) Austenitize at 1700° £ 25° F for 1 hour per inch of section

(3 hours maximum), water quench.

* Preliminary work has indicated that aluminum additions as low as 0. 025 percent
have resulted in rock~candy fracture; however, the nitrogen content may be a
controlling factor.
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b) Re-austenitize at 1500° + 26° F for 1 hour per inch of section
(3 hours maximum), water quench.

c) Temper at not less that 1075° 1+ 15° for 1 hour per inch of section,
water quench,

The normal tempering temperature for different sections is as follows:
Through 2 inches 1150°F
Over 2 through 4 inches 1120°F
Over 4 through 6 inches 1075°F

A well-agitated water quench is desirable. The highest tempering temperature that
will achieve the desired yield strength is preferred because the toughness of steel
improves as the tempering temperature is raised. The maximum tempering
temperature is limited by the A1 temperature of the s'eel (1210°F), Tempering
temperatures below 1075°F are not recommended because of the onset of temper
embrittlement in the range 850° to 1050°F. Slow cooling should be avoided through
the temper-embrittlement range after tempering. When the hardenability of the
steel is marginal and when difficulty is experienced in attaining the minimum
yield strength in a heavy section tempered at 1075°F, the necessary hardenability
may be achieved by raising the final austenitizing temperature to 1650°F. The
higher austenitizing temperature increases the prior austenitic grain size and also

puts more vanadium into solution. However, loss in toughness may result from
this treatment.

2. HY-180 Steel Castings

Unless a marked change in steel composition is necessary in the pro-
duction of HY-180 castings, the heat treatment of the casting should be the same
as that of the wrought steel. The proposed heat treatment for HY-180 castings is
as follows:

a) Austenitize at 1709°F for 1 hour per inch of section (3 hours

maximum), water quench.
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b) Re-austenitize at 1500°F for 1 hour per inch of section (3 hours
maximum), water quench.
c) Temper at 950°F for 5 hours for sections through 1-inch thickness

and for 10 hours for sections over 1-inch thickness, water quench.

Sections over 2 inches thick are expected to exhibit a lower yield strength (175 ksi
minimum yield strength) than lighter sections (180 ksi minimum yield strength).
The steel in 6-inch and much thicker sections has sufficient hardenability that its
yield strength should not be reduced below 175 ksi.

G. Effect of Impurities on Properties

The notch toughness of steels with strengths of 100 to 250 ksi is very sensitive
to the amount of impurity elements, especially elements that produce nonmetallic or
intermetallic particles. To maintain high toughness at 180 ksi yield strength, oxides,
sulfides, nitrides, and carbides must be reduced to the lowest possible levels.
Accordingly, although air melting is satisfactory for HY-100 and HY-130 steel,
HY-180 steel with satisfactory toughness has been produced only by special melting

practices, such as vacuum-induction melting and vacuum-arc remelting.

Based on its deleterious effect on notched impact properties of HY-180
wrought materials, silicon should be kept at the lowest level (probably a maximum
of 0.2 percent) commensurate with the ability to fill a given mold. Manganese
levels in castings probably should be higher than the 0.05 to 0.15 percent in wrought
product to neutralize sulfur as manganese sulfide and to improve castability. One
of the keys to successful production of HY-180, particularly if a vacuum-melted

material is required, may be the ability to secure satisfactory charge material. *

In addition to low levels of the 'dirt''-forming element, other impurities, such
as phosphorus, antimony, arsenic, and tin, can produce grain-boundary embrittlement
in quenched-and-tempered high yield-strength steels. Considerable information on
the effect of variations in the level of imburities on the properties of HY-130 and

HY-180 steel was obtained as a part of their development studies.

* If double vacuum-melted material is indicated, a source of vacuum induction
melted material for melting stock is necessary.
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H. Minimum and Maximum Section Size

If these alloys (HY-130 and HY-180) can be cast, the minimum section would
be limited only by the ability to "run" castings. A typical minimum section might
be a half-inch, depending upon the geometry of the part. Maximum section size,
however, might be a different story. As section size increases, the segregation of
impurities may become the factor that governs the maximum section thickness and
may be reduced by using high puwrity melting practices. For example, HY-80 steel
can be produced in 4-inch sections with little or no difficulty. However, in 9-inch

sections, the castings become more difficult to produce. Probably, the same
section effect would occur in HY-130 and HY-180 steel although the relative section

sizes may be different.

Nickel-bearing martensitic steels tend to have a wide solidification range
and, hence, are prone to segregation. Because of this segregation, small quanti-
ties of nitrogen form aluminum nitride at very low aluminum contents and produce

a "rock-candy" fracture in heavy sections.

Hydrogen in nickel-bearing steels also can be very significant and cause

field failures at very low stress levels, if a critical hydrogen level is exceeded.

With proper melting equipment and consideration of their hardenability
limits, castings of both HY-130 and HY~-180 steel should be producible in 6-inch

sections,

I.  Weld Repair and Structural Joining

Low hydrogen weld-metal compositions and welding procedures have been
developed for weld repair anc¢ structural joining of HY-130 and HY~-180 steel
either after final heat treatment or, in the case of HY-130 steel, using special
heat-treatable welding-electrode compositions prior to final heat treatment.
Generally, the weld metals, developed for use in the as-deposited condition,
exhibit strength and toughness superior to those of the base metal. The superior
properties result from grain-structure refinement and tempering effects of low

heat-input multipass welding. Low heat input during welding is so important in
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attaining high-strength HY- 180 steel welds that the only satisfactory welding
process for HY-180 steel, at present, is low deposition-rate GTA welding.

Additional work is now in progress under Government contract to develop
higher deposition-rate welding processes for HY-180 steel. With the exception
of a small over-tempered region of slightly lower strength than the base metal,
the heat-affected zone of the welds is equivalent or superior in strength to the
base metal and exhibits excellent notch toughness.

A specification would be useful to provide procedures for fabrication of
casting weldments and for repair of castings. A similar specification would be
required for the fabrication of HY-180 weldments.

d. Scrap Reclamation

Apparently, HY-130 steel does not create a problem in scrap reclamation,
The high nickel content is desirable as charge material for many low-alloy
steels and, in fact, could be used for its significant nickel content in stainless

steels.

HY-180 steel is a different situation, Its high cobalt content makes the
scrap undesirable except for special steels, such as HY-180. However, any
melting process that finally is adopted for this alloy should be capable of using
"revert'" scrap, such as gates and risers of the same composition, up to

approximately 50 percent of the total poured weight.

K.  Specifications for HY-130 and HY-180 Steel Castings

* Specifications for HY-130 and HY-180 steel castings would be based on
MIL~S-23008B (SHIPS) (Military Specification, 1964), see Appendix A. Certain
modifications seem advisable on the basis of present information, and additional

modifications may become apparent in the future. A justification for the notch-
toughness requirements of the specifications is given in Appendix I.

Using specification MIL-S-23008B (SHIPS) as the base, the modifications
proposed by this Committee suggest that the following items be considered in

any proposed specifications:




HY-130 Steel Castings

1. Section 3.2. The specification should state that the castings shali be
free of hydrogen flakes.

2. Section 3.8. The specification should permit weld repairing or joining
if the heat-treatable filler metals are used and the casting or weldment
are heat-treated after welding.

HY-180 Steel Castings

1, Section 3,2 — Material. The castings shall be produced from steel
made by vacuum-melting or other qualified melting processes.

2. Section 3.3 — Chemical Composition. The chemical composition
shall conform to the following:

Chemical Composition
(Ladle Analysis)

Percent Maximum

Element Unless a Range Is Shown
Carbon 0.09 - 0,13
Manganese 0,05 -0.25
Phosphorus 0.010 max,
Sulfur 0.006 max.
Silicon 0.15 max.
Nickel 9.5 - 10.5
Chromium 1.8-2.2
Molybdenum 0.90 - 1.10
Cobalt 7.5 - 8.5
Aluminum 0.040 max.
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L. Conclusions and Recommendations: HY-130 and HY-180 Steel Castings

1,

Conclusions

a)

b)

c)

d)

e)

g)

A satisfactory HY-130 steel composition has been developed for
wrought products and is expected to be suitable for castings.
Satisfactory results have been obtained with HY-130 steel by arc
melting followed by vacuum degassing. Probably, HY-130 steel
could be produced also by vacuum-melting and by the argon/oxygen-
degassing (AOD) process.

An acceptable HY-180 steel composition has not been established.
Accordingly, HY-180 steel is not approaching a production alloy
like the HY-130 steel composition.

A composition of 10Ni-8Co-2Cr-1Mo i